he murine genome is known to have two keratin 6 (K6) genes, mouse K6 (MK6)a and MK6b. These genes display a complex expression pattern with constitutive expression in the epithelia of oral mucosa, hair follicles, and nail beds. We generated mice deficient for both genes through embryonic stem cell technology. The majority of MK6a/b Ϫ / Ϫ mice die of starvation within the first two weeks of life. This is due to a localized disintegration of the dorsal tongue epithelium, which results in the build up of a plaque of cell debris that severely impairs feeding. However, ‫ف‬ 25% of MK6a/b Ϫ / Ϫ mice survive T to adulthood. Remarkably, the surviving MK6a/b Ϫ / Ϫ mice have normal hair and nails. To our surprise, we discovered MK6 staining both in the hair follicle and the nail bed of MK6a/b Ϫ / Ϫ mice, indicating the presence of a third MK6 gene. We cloned this previously unknown murine keratin gene and found it to be highly homologous to human K6hf, which is expressed in hair follicles. We therefore termed this gene MK6 hair follicle (MK6hf). The presence of MK6hf in the MK6a/b Ϫ / Ϫ follicles and nails offers an explanation for the absence of hair and nail defects in MK6a/b Ϫ / Ϫ animals.
Introduction
Keratins are cytoskeletal proteins that form the intermediate filament (IF)* network of epithelial cells. Keratin 6 (K6) expression, which has been described for humans, mice, and bovines, is characteristically seen in hair follicles, oral epithelia, nail bed, and palmoplantar epidermis. In addition to this constitutive expression, K6 is induced in the epidermis in response to wounding. Since keratin IFs (KIFs) assemble from heterodimers made up of one type I and one type II keratin (Hatzfeld and Weber, 1990; Steinert, 1990) , keratins are generally considered to be coexpressed with specific partners of the opposite type. K6, a type II keratin, is thought to have two type I partners, K16 and K17, because they exhibit an expression pattern similar to that of K6 and are also induced in the epidermis in response to wounding. K6, K16, and K17 are also induced in certain skin diseases that exhibit keratinocyte hyperproliferation, such as psoriasis, and are therefore frequently described as hyperproliferation-or activation-associated keratins (Jiang et al., 1993; Leigh et al., 1995) . However, the biological significance of their induction is not well understood. A feature that appears to be unique to K6 is that several active genes have been described in humans, mice, and bovines. Mice are known to have two closely related isoforms, mouse K6 (MK6)a and MK6b (termed MK6 ␣ and MK6 ␤ by Takahashi and colleagues; Takahashi et al., 1998; Rothnagel et al., 1999) ; humans may have as many as seven active human K6 (HK6) isoforms, HK6a through HK6f (Takahashi et al., 1995) , as well as HK6 hair follicle (HK6hf) (Winter et al., 1998) . The gene number in bovines has not been fully investigated, but there may be as many as three active genes (Blessing et al., 1987; Navarro et al., 1995) . The MK6a and MK6b genes are highly homologous and are separated by ‫ف‬ 10.5-13 kb of intergenic DNA (Takahashi et al., 1998; Rothnagel et al., 1999) . In addition to MK6a and MK6b, mice have at least two K6 pseudogenes (Takahashi et al., 1998) .
Mutations in keratins underlie several inherited skin fragility syndromes. These are largely dominant-negative mutations, leading to the collapse of the KIFs in cells expressing the mutant keratin (for review see Corden and McLean, 1996) . To date, mutations in two HK6 genes and also in HK16 and HK17 have been described as the underlying cause of two hereditary disorders, which share a characteris-tic thickening of the nail and nail bed and are therefore named pachyonychia congenita (PC) type 1 and type 2. Mutations in HK6a and HK16 have been found in patients with PC-1 McLean et al., 1995; Smith et al., 1999a,b,c) who show abnormalities of nails, palmar and plantar surfaces as well as the tongue epithelium, whereas mutations in HK6b and HK17 have been reported in PC-2 patients Fujimoto et al., 1998; Smith et al., 1998; Celebi et al., 1999) , who lack oral involvement but have follicular and nail abnormalities. Steatocystoma multiplex and nonepidermolytic palmoplantar keratoderma are two additional disorders in which mutations in HK17 and HK16, respectively, have been identified (Shamsher et al., 1995; Covello et al., 1998) .
In hair follicles, K6 and K16 are constitutively expressed in the innermost cell layer of the outer root sheath (ORS) (Takahashi et al., 1998; Winter et al., 1998; . This single cell layer is also known as the companion cell layer and consists of highly specialized elongated cells (Ito, 1986 (Ito, , 1988 Orwin, 1971 ). Since we have previously shown that expression of mutant MK6a transgenes leads to a complete destruction of these cells followed by hair loss , it may seem surprising that the hair abnormalities in PC-2 patients with HK6b mutations are very mild. However, unlike MK6a and MK6b, which are expressed in the companion cells, HK6b expression in the hair follicles was shown to be restricted to the sebaceous glands . In humans, only HK6hf, in which no mutations have been described, has conclusively been shown to be expressed in the companion cell layer (Winter et al., 1998) .
To investigate the function of K6, we had previously generated MK6a
Ϫ / Ϫ mice. Unlike the majority of other keratin knockout mice (Lloyd et al., 1995; Kao et al., 1996; Porter et al., 1996; Ness et al., 1998) , these mice exhibited no signs of epithelial fragility, but displayed a delay in reepithelialization of superficial wounds from the hair follicles, whereas the healing of full thickness wounds was normal (Wojcik et al., 2000) . At the time we attributed the lack of structural defects in the companion cell layer, oral epithelia and nails to the presence of MK6b in these compartments. However, it now appears that this assumption was only correct with respect to the oral epithelia. Since our MK6a
Ϫ / Ϫ mice exhibited only a mild wound healing phenotype but no structural defects, we generated MK6a/b Ϫ / Ϫ mice. We found that the majority of our MK6a/b Ϫ / Ϫ pups developed oral lesions, which led to starvation and death. However, ‫ف‬ 25% of MK6a/b Ϫ / Ϫ mice survived to adulthood. Remarkably, the adult MK6a/b Ϫ / Ϫ survivors had normal hair and normal nails. To our surprise, we discovered strong reactivity with two separate K6 antibodies both in the companion cell layer and in the nail bed of MK6a/b Ϫ / Ϫ mice, indicating the existence of a third MK6-like gene. When we cloned the cDNA of this novel murine keratin gene, we found it to be highly homologous to HK6hf and therefore named it MK6 hair follicle (MK6hf). Since MK6hf is not expressed in oral epithelia, it does not explain the survival of some of the MK6a/ b Ϫ / Ϫ mice. However, the existence of the MK6hf isoform may be the explanation for the otherwise somewhat puzzling absence of nail and hair defects in the MK6a/b Ϫ / Ϫ mice.
Results

Deletion of MK6a and MK6b from the genome
The MK6a/b targeting vector was designed to delete the complete coding regions of the MK6a and MK6b genes as well as the intervening 10.5 kb, resulting in a deletion of ‫ف‬ 18 kb (Fig. 1 a) . The targeting vector was introduced into 129/SvEv AB2.2 embryonic stem (ES) cells. Successfully targeted clones were confirmed by Southern analysis using 5 Ј and 3 Ј external probes (Fig. 1 b) . Targeted clones were injected into C57BL/6N blastocysts, and the chimeras were bred to C57BL/6N females. Germline transmission was obtained from one clone, and the first F1 MK6a/b ϩ / Ϫ males were crossed with wild-type C57BL/6N females. The resulting MK6a/b ϩ / Ϫ F2 animals were intercrossed, and their offspring were used for all analyses performed in this study. The absence of MK6a and MK6b transcripts was confirmed by RNase protection analysis (Fig. 1 d) .
Postnatal mortality in MK6a/b
Ϫ / Ϫ mice due to oral hyperplastic lesions Litters from the first MK6a/b ϩ / Ϫ crosses were genotyped shortly after birth ( Fig. 1 c) , and MK6a/b
, and MK6a/b Ϫ / Ϫ animals were found at the expected Mendelian frequencies. However, the majority ( ‫ف‬ 75%) of MK6a/ b Ϫ / Ϫ mice subsequently failed to thrive, which became apparent at different times in different animals. The majority of MK6a/b Ϫ / Ϫ pups began to lag behind in their growth when compared with the MK6a/b ϩ / ϩ and MK6a/b ϩ / Ϫ littermates between the ages of 3 and 7 d after birth. Such pups progressively became more emaciated over the course of 3-5 d and ultimately died of apparent starvation, usually before they reached 2 wk of age. Shown are a MK6a/b Ϫ / Ϫ pup and a MK6a/b ϩ / ϩ pup at 8 d of age (Fig. 2 a) . However, some MK6a/b Ϫ / Ϫ animals were outwardly indistinguishable from their MK6a/b ϩ / ϩ and MK6a/b ϩ / Ϫ littermates and survived to adulthood. Out of 109 pups that were genotyped after weaning, 70 were heterozygotes, 30 wild type, and 9 were surviving knockouts. Since we had previously found a normal Mendelian distribution of MK6a/b
, and MK6a/ b Ϫ / Ϫ genotypes in litters screened immediately after birth, we estimated, based on the numbers shown above, the survival rate of MK6a/b Ϫ / Ϫ animals to be 27%. The surviving MK6a/ b Ϫ / Ϫ animals reached normal adult size and were fertile. Matings of MK6a/b Ϫ / Ϫ animals produced litters with survival rates that varied between litters and ranged from 50-100%. This strongly suggests a genetic, rather than environmental reason for the survival of some of the MK6a/b Ϫ / Ϫ animals. To determine the cause of death, MK6a/b Ϫ / Ϫ pups that showed signs of starvation as well as MK6a/b ϩ / Ϫ littermates were killed at days 4, 8, and 10 after birth. Dissection of the heads revealed a macroscopically visible thickening, confined to the center of the very back of the dorsal tongue in the MK6a/b Ϫ / Ϫ animals ( Fig. 2 c) , whereas wild-type and heterozygote tongues were smooth (Fig. 2 b) . Histological analysis of the oral cavity revealed that this thickening consisted of a plaque of amorphous material, which appeared to be cellular debris (Fig. 2 e) . The plaque on the tongue was large enough to fill the back of the oral cavity. The back of the oral cavity of a wild-type littermate is shown for compar-ison (Fig. 2 d) . Furthermore, the palate epithelium opposing the plaque on the tongue showed a similar albeit smaller plaque. Examination at higher magnification revealed that at the transition between tongue epithelium and plaque, the epithelial cells appeared to be losing their nuclei, whereas the cell remnants remained attached to each other (Fig. 2 g ). The intact papillae from the tongue of a wild-type littermate are shown for comparison (Fig. 2 f) . The plaque was restricted to the back and center of the tongue and palate, whereas the rest of the tongue and palate epithelium was normal in appearance. The plaque was found in all MK6a/ b Ϫ / Ϫ animals that either died of apparent starvation or were killed because of their emaciated appearance. Experimental removal of plaque material from the oral cavity of live pups led to a temporary weight gain, but the plaque size increased again and the animals ultimately died. Surprisingly, when we killed pups of MK6a/b Ϫ / Ϫ crosses that showed no signs of starvation at approximately 1 wk of age, we also found small plaques on their tongues. Except for their smaller size these plaques were microscopically identical to the ones found in starving pups (not shown). This suggests that all MK6a/b Ϫ / Ϫ pups develop plaques, but in some animals these resolve (see below), allowing those animals to survive.
Immunofluorescence analysis of MK6a/b Ϫ / Ϫ animals showed the complete absence of MK6 staining in tongue and palate (Fig. 2, i and k) . MK16 staining in MK6a/b Ϫ / Ϫ animals appeared unaltered by immunofluorescence analysis. We had previously determined that MK6b expression in tongue, as in other epithelia, is suprabasal, and shown that one of our K6 antibodies recognizes MK6b, but not MK6a (Wojcik et al., 2000) . Interestingly, examination of the staining pattern for MK6b and MK16 along the length of the tongue in MK6a/b ϩ / ϩ animals showed that both MK6b and MK16 staining became more widespread throughout the dorsal tongue epithelium towards the back of the tongue (Fig. 2, h and j) . In the front and middle of the tongue MK16 staining was restricted to the papillae and MK6b staining to the very tips of the papillae in wild-type mice (Fig.  2 h ). In the posterior half of the tongue, where the lesions occur in MK6a/b Ϫ / Ϫ animals ( Fig. 2 k) , MK16 was present throughout the tongue epithelium and MK6b staining was seen throughout the papillae of MK6a/b ϩ / ϩ samples (Fig. 2  j) . The fact that MK6b expression is the highest in the back of the tongue could indicate that this area is subjected to the most mechanical stress and could serve as an explanation as to why the lesions in MK6a/b Ϫ / Ϫ mice occur in this region. and their tongues were examined macroscopically, histologically, and ultrastructurally. The macroscopic appearance of the MK6a/b Ϫ/Ϫ survivor tongues was normal; they were smooth and indistinguishable from the tongues of agematched wild-type mice (data not shown). However, histological examination revealed a subtle difference in the appearance of the papillae of the tongue of adult MK6a/b Ϫ/Ϫ survivors and wild-type littermates (Fig. 3, a and b) . Mouse tongue epithelium possesses four distinct types of papillae (filiform, fungiform, foliate, and the single circumvallate papilla) (Paulson et al., 1985) . The filiform papillae are by far the most numerous, and their highly ordered columns of cells make up the greater part of the dorsal lingual epithelium. Three alternating cell columns are easily distinguished from one another: the anterior column cells of the filiform papillae, the posterior column cells of the papillae, and the interpapillar cell columns. The anterior column cells contain keratohyalin granules and show a degree of keratinization similar to that of newborn skin (Iwasaki et al., 1999) . The posterior column cells and interpapillary column cells contain no keratohyalin granules, and the latter show only weak keratinization. The most noticeable difference between MK6a/b Ϫ/Ϫ survivor ( 
MK6a/b
Ϫ/Ϫ survivors show slight ultrastructural alterations in the lingual papillae, as opposed to a complete loss of papillary structure in the tongues of starving MK6a/b Ϫ/Ϫ mice with plaques The alterations in the MK6a/b Ϫ/Ϫ survivor tongue epithelium that we observed at the histological level were confirmed by electron microscopy (Fig. 4) . We took tongue samples from surviving MK6a/b Ϫ/Ϫ animals as well as from MK6a/b Ϫ/Ϫ pups whose tongues had a plaque, and from wild-type littermate controls. The overview of an adult filiform papilla in instead contain what appear to be keratin clumps. However, in the MK6a/b Ϫ/Ϫ adult survivors, in spite of some structural abnormalities, the overall structure of the papillae appears largely intact. In stark contrast to this, in the MK6a/b Ϫ/Ϫ survivor cells. The MK6a/b Ϫ/Ϫ tongues with plaques show an abrupt transition between the disorganized epithelium and the plaque material, which suggests that the cells suddenly lose most of their cellular content, whereas the cell envelopes remain attached to each other, forming the plaque. No significant amount of keratohyalin granules was observed in the plaque material. In contrast to this, the wildtype and MK6a/b Ϫ/Ϫ survivor anterior column cells show the progressive loss of cell organelles towards the outer edge of the papilla with retention of keratohyalin granules in the keratinized squames of the outer layers. This suggests that the build up of the plaque represents a disruption in the terminal differentiation process of the cells due to the loss of structural integrity. The plaque itself appears to consist of cell envelopes and clumps (Fig. 4 d, inset ) similar to the ones observed in the anterior column cells of both MK6a/b Ϫ/Ϫ phenotypes. The clumps most likely consist of keratin proteins since plaque material stains positive for K16 (Fig. 2 k) and K14 (not shown). Somewhat surprisingly, although the posterior column cells also express MK6, and in spite of their slightly disorganized stacking in MK6a/b Ϫ/Ϫ survivor papillae, their KIF network was apparently normal (not shown). It therefore appears that the presence of MK6 is only essential for the KIF network of the anterior column cells and that the defect in the anterior column cells affects the structure of the entire filiform papilla.
Ϫ/Ϫ mice reveal the presence of a third MK6 isoform Since the presence of MK6 appeared to be essential for the structural integrity of the tongue papillae, and the hair follicle and nail bed are two other prominent places of MK6 expression, we were surprised to find that the adult MK6a/b Ϫ/Ϫ mice showed neither hair nor nail defects. Immunofluorescence analysis of MK6a/b Ϫ/Ϫ hair follicles and nails, to our amazement, revealed MK6 staining both in the companion cell layer of the MK6a/b Ϫ/Ϫ hair follicles (Fig. 5 b) and in the dorsal nail beds (Fig. 5 d) . The nails of wild-type 4-d-old littermates, in addition to the dorsal staining, also showed MK6 staining on the ventral side (Fig. 5 c) , but this became less prominent in nails from 8-d-old pups (not shown). Furthermore, wild-type animals also showed K6 staining in the proximal nail fold, which was not observed in MK6a/b Ϫ/Ϫ mice (not shown). The MK6 staining in MK6a/b Ϫ/Ϫ follicles and nails was seen both with an antibody that recognizes MK6a and MK6b (not shown) and with the antibody that reacts with MK6b, but not MK6a (Fig. 5) . Since we had confirmed the absence of MK6a and MK6b transcripts in skin by RNase protection analysis, these MK6 antibodies therefore apparently recognize another MK6-like keratin expressed in the hair follicles and nails. However, we detected no MK6 staining in MK6a/b Ϫ/Ϫ tongue, neither in tongues with plaques nor in survivor tongues, palate, or footpad (data not shown). We therefore suspected that the presence of at least a third K6 gene might explain the absence of follicular and nail defects in these mice. Western blot analysis of day 8 whole skin, using the antibody that recognizes MK6b but not MK6a, revealed a band in the MK6a/b Ϫ/Ϫ sample that was slightly less intense than the band in the wild-type sample (Fig. 6) . Since the level of MK6b mRNA in uninduced skin is very low, it appears likely that MK6a and the third isoform are the predominant isoforms expressed in the hair follicle. MK16 expression was also still present, and if the loading control is taken into account, the amount of MK16 protein appears to be only slightly reduced in the MK6a/b Ϫ/Ϫ samples.
The third MK6 isoform is orthologous to HK6hf
To clone the third MK6 isoform, we performed a 3Ј rapid amplification of cDNA ends (RACE) PCR with RNA isolated from MK6a/b Ϫ/Ϫ anagen back skin. One PCR product we obtained showed high homology to a human K6 isoform termed HK6hf (for human K6 hair follicle), which is expressed in the companion cell layer of hair follicles, but not in palmar and plantar epidermis or oral epithelia (Winter et al., 1998) . We then used the fragment generated by RACE PCR to screen a Stratagene C57BL/6 skin cDNA library and subcloned 10 clones. The four longest clones were selected for sequencing and were found to be identical in their overlapping sequences. Only one clone contained the 5Ј end of the gene. Sequence comparison revealed that the mouse clones show 79.8% identity with the HK6hf cDNA (not shown). Conceptual translation of the cDNA gives a protein of 551 amino acids with a calculated molecular mass of 59.7 kD and an isoelectric point of 8.48, which shows 84.8% amino acid identity with the HK6hf protein (Fig. 7) . Comparison of the clone with MK6 and MK5 at the cDNA level reveals 74.1% identity with MK6a, 74.7% with MK6b, and 76.6% identity with MK5 (data not shown). At the protein level, the clone has 73.4% identity with MK6a, 72.7% identity with MK6b, and 72.6% identity with MK5 (Fig. 7) . Because the clone had higher homology to HK6hf than to the other MK6 isoforms or MK5, and because of its expression pattern, we termed this novel murine keratin MK6hf. To determine whether MK6hf is actually the keratin recognized by our K6 antibodies in the MK6a/b Ϫ/Ϫ mice, we transfected the full-length MK6hf clone into PtK2 cells. Immunofluo- rescence analysis confirmed that MK6hf is indeed recognized and, furthermore, that it integrates into the endogenous keratin filament network of these cells (Fig. 8) . The expression of MK6hf in the hair follicles and nail beds of MK6a/b Ϫ/Ϫ mice was additionally confirmed by RT-PCR, using MK6hf specific primers on cDNA samples derived from both total skin and nails (data not shown).
MK6hf is not inducible in response to injury, but MK6a/b
Ϫ/Ϫ full thickness wounds heal without delay To determine if MK6hf is inducible, we generated full thickness skin wounds in surviving MK6a/b Ϫ/Ϫ mice. Immunofluorescence analysis of MK6a/b Ϫ/Ϫ wounded skin using the MK6b/hf antibody revealed that MK6hf is not inducible in the epidermis or ORS, only the constitutive staining in the companion cell layer was seen (Fig. 9 b) . The same antibody used on wounded MK6a/b ϩ/ϩ skin showed the suprabasal induction of MK6b in the epidermis (Fig. 9 a) . Similarly, no induction was seen in the epidermis using the antibody that recognizes MK6a, MK6b, and MK6hf (not shown). MK6a/ b Ϫ/Ϫ mice still showed induction of MK16 in the epidermis (Fig. 9 b) , confirming that MK16 can heterodimerize with another type II partner in both oral mucosa and epidermis. To determine if MK6a/b Ϫ/Ϫ mice exhibited a defect in the healing of full thickness skin wounds, such wounds were generated in surviving MK6a/b Ϫ/Ϫ animals, as well as MK6a/ b ϩ/ϩ littermates. Animals were killed at 48 h and 5 d after wounding. No significant differences were found in the extent of reepithelialization between MK6a/b Ϫ/Ϫ and MK6a/ b ϩ/ϩ animals at either time point (data not shown). This shows that reepithelialization can occur in the absence of any inducible form of MK6 in the epidermis.
Discussion
Recently, Wong and colleagues (2000) reported the generation of MK6a/b Ϫ/Ϫ knockout animals that developed oral lesions that lead to starvation and death with 100% penetrance of the phenotype. In contrast, ‫%52ف‬ of our MK6a/b Ϫ/Ϫ mice from heterozygous intercrosses survived. This divergence between our results and those of Wong and colleagues is most likely due to strain differences; for instance, the 129/ SvEv ES cells used by us are distinct from the 129/Sv cells used by Wong et al. (2000) . However, the appearance of the tongue lesions that we describe as plaques, including the occurrence of keratin clumps, appears to be very similar to the tongue lesions that Wong and colleagues refer to both as plaques and as blisters. The lack of a nail and hair phenotype in the MK6a/b Ϫ/Ϫ mice initially seemed surprising; however, sample. Please note that the double bands seen in MK6a and the MK14 are most likely due to differential phosphorylation, whereas the band of higher molecular weight in MK16 may be due to nonspecific reactivity.
our discovery of MK6hf offers an explanation for these unexpected results. Furthermore, the existence of the MK6a/ b Ϫ/Ϫ survivors allowed us to determine that even adult MK6a/b Ϫ/Ϫ mice have normal nails and hair follicles. This is significant because hair phenotypes in some instances do not become apparent until the completion of the first or even several hair cycles (Koch et al., 1998; Wojcik et al., 1999) , and nail defects may also not have time to develop in pups that die before 2 wk of age. Furthermore, we were able to conduct wound healing experiments with the MK6a/b Ϫ/Ϫ survivors and compare the structural defect discovered in the survivor tongues to MK6a/b Ϫ/Ϫ tongues with plaques. The conclusions that can be drawn from our findings are discussed below.
The presence of MK6hf offers an explanation for the lack of hair and nail phenotypes in MK6a/b
Ϫ/Ϫ mice The analysis of our MK6a/b Ϫ/Ϫ mice uncovered the presence of a third MK6 isoform, which by sequence comparison is the orthologue of HK6hf. The striking discovery of MK6hf expression in hair follicles and nail beds and its absence in tongue suggests that the existence of this new MK6 isoform is the reason for the lack of hair and nail defects in MK6a/ b Ϫ/Ϫ mice. With respect to the expression of MK6a, MK6b, and MK6hf in the companion cell layer, it is interesting to note that this cell layer appears to be particularly sensitive to disruption of its keratin network. We had previously shown that expression of several different MK6a transgenes resulted in the destruction of the companion cells, whereas no alterations were seen in oral epithelia of these transgenic mice . Because the companion cells are thought to provide the slippage plane during the growth of the hair shaft in anagen, the expression of three MK6 isoforms in this compartment may be a safeguard for the maintenance of structural integrity. It therefore seems reasonable to speculate that the deletion of MK6hf, unless there is yet another MK6-like gene, would cause a structural defect in the companion cells and potentially in the nail bed as well. Surprisingly, the MK6a/b Ϫ/Ϫ mice also have no obvious alterations of their footpads, in spite of the complete absence of K6 expression. However, it is possible that the friction generated on the cage bedding is too insignificant to cause lesions. Furthermore, the periderm of MK6a/b Ϫ/Ϫ mice also showed an absence of MK6hf expression (data not shown). It therefore appears that the expression of MK6 in the periderm is not essential for embryonic development. It may be that the role of constitutive K6 expression is one of reinforcement needed only to withstand increased mechanical stress. This hypothesis is supported by the fact that only the back and center of the lingual epithelium, which is subjected to the greatest forces during suckling, deteriorated in the MK6a/b Ϫ/Ϫ mice. The white appearance of the plaque on the tongue of MK6a/b Ϫ/Ϫ animals is reminiscent of the oral leukokeratosis characteristically found in patients with PC-1, caused by dominant-negative mutations in HK6a and HK16. However, the human mutations lead to leukokeratosis of the entire tongue epithelium, but the leukokeratosis does not reach the thickness observed in the MK6a/b Ϫ/Ϫ mice, nor does it lead to any significant impairment in the patients. Although the MK6a/b Ϫ/Ϫ phenotype differs from PC-1 in its severity, analogous to the striking heterogeneity found in the tongue phenotype of the MK6a/b Ϫ/Ϫ mice, some patients with mutations in HK6a or HK16 show no oral involvement (Smith et al., 1999c) . Furthermore, there can be considerable variation in the presentation of leukokeratosis within one family (Smith et al., 1999c) .
MK6a/b
Ϫ/Ϫ survivors suggest the presence of unknown genetic modifiers Although the existence of MK6hf may be the explanation for the lack of hair and nail defects in the MK6a/b Ϫ/Ϫ mice, it does not explain why some of the MK6a/b Ϫ/Ϫ mice escape death. We observed no MK6 staining in MK6a/b Ϫ/Ϫ tongues with plaques or in the tongues of survivors. Furthermore, MK6a/b Ϫ/Ϫ survivor papillae do show microscopically and ultrastructurally observable abnormalities. Most strikingly, keratin clumps identical in appearance were observed in the anterior column cells of survivor tongues and tongues with plaques. Although upregulation of another keratin in the MK6a/b Ϫ/Ϫ survivors seems the most obvious possibility, the presence of the clumps in both MK6a/b Ϫ/Ϫ phenotypes argues against this. Since MK6a/b Ϫ/Ϫ intercrosses produced litters with significantly increased survival rates of between 50% and 100%, the survival seems to be due to genetic modifiers. An even more extreme example of unknown genetic modifiers that affect survival of a keratin knockout are the MK8 Ϫ/Ϫ mice. Deletion of MK8 resulted in midgestational lethality with 94% penetrance in the C57BL/6 background (Baribault et al., 1993) , which was rescued in the FVB/N background but, in these mice, caused colorectal hyperplasia in 81% of the mice (Baribault et al., 1994) .
A clue to the nature of the rescue in the MK6a/b Ϫ/Ϫ survivors may lie in the fact that we never observed MK6a/b Ϫ/Ϫ preweaning pups that were completely free of any sign of a plaque on their tongue. When we killed 1-wk-old MK6a/b Ϫ/Ϫ pups that showed no sign of starvation, all pups were found to have very small plaques on their tongues. However, all adult MK6a/b Ϫ/Ϫ survivor tongues were macroscopically normal. This strongly suggests that MK6a/b Ϫ/Ϫ survivors develop plaques on their tongues as pups and that these plaques later resolve and the lingual epithelium recovers, leaving only the mild structural abnormalities found in the adult survivors. The modifiers that affect the survival of the MK6a/b Ϫ/Ϫ mice may influence the degree to which the plaque develops rather than whether it forms at all; one possibility would be that they affect the hyperplastic response to the structural defect. If this hypothesis is correct, K6 is indeed essential to the structural integrity of the lingual epithelium; however, this is only of critical importance during the time the animals are suckling. Once the animals switch to chewing solid food, the forces that the epithelium has to withstand should be less than what is needed to create the suction necessary for suckling. The increased proliferation rates observed in the MK6a/b Ϫ/Ϫ survivor tongues, along with the mild structural abnormalities, suggest a narrowly maintained balance of epithelial integrity in these animals. The genetic modifiers that affect this balance could potentially be found through backcrosses into different strains and may offer further insight into the factors that control epithelial proliferation in response to injury.
Implications for the role of MK6 in wound healing
Since MK6a/b Ϫ/Ϫ mice lack any inducible K6 but are nonetheless able to reepithelialize full thickness wounds without any obvious delay, it appears that the role of K6 induction in wound healing is fairly subtle. We had previously shown that MK6a
Ϫ/Ϫ mice exhibited a delay in the reepithelialization of superficial wounds from the hair follicles, but were indistinguishable from wild-type animals in the healing of full thickness wounds. Although the analysis of MK6a Ϫ/Ϫ full thickness wounds had already indicated that the proliferating and migrating cells in the MK6a Ϫ/Ϫ full thickness wounds did not express any MK6 (Wojcik et al., 2000) , we could not entirely exclude that the lack of a defect in full thickness wound healing was due to the presence of MK6b in the suprabasal layers in the newly forming epithelium. The absence of an obvious defect in the healing of full thickness wounds in MK6a/b Ϫ/Ϫ mice now confirms that MK6 induction does not play a prominent role in the progression of reepithelialization in these types of wounds.
At this point, we have not been able to investigate the healing of superficial wounds in the MK6a/b Ϫ/Ϫ mice, due to the large number of animals needed for this experiment.
Since neither MK6a
Ϫ/Ϫ nor MK6a/b Ϫ/Ϫ mice showed any defect in the healing of full thickness wounds, it may be that the delay in seen in MK6a Ϫ/Ϫ superficial wound healing is specific to the follicular keratinocytes. This leaves open the question of what the function of MK6a and MK6b induction in the newly forming epithelium covering the wound might be. There are several possible explanations, which are not mutually exclusive. First, K16 was still induced in the MK6a/b Ϫ/Ϫ wounds. If the induction of K6 and K16 results in changes in the properties of the keratinocyte IF network that allow for greater flexibility needed for migration, K16 induction alone may be sufficient to effect those IF network changes, as has indeed been previously suggested for HK16 (Paladini et al., 1996) . However, results obtained with MK16 do not support this scenario (Porter et al., 1998) . Second, the main function of K6 induction in wounded epithelium may be one of structural reinforcement. One feature that the epithelia that express K6 have in common may be a need for added mechanical strength. The companion cell layer is subject to friction, as are footpads, and oral epithelia. Like the tongue epithelium during suckling, the epithelium covering a wound in which the dermis was damaged could be expected to require greater mechanical strength than intact epidermis. The characteristic inducible expression of K6 may therefore essentially serve the same function as its constitutive expression: to provide additional structural support in areas that have to withstand increased mechanical stress. In that sense, the link between K6 induction and hyperproliferating cells may serve the purpose to place K6 expression at the wound site for added structural support rather than be of great importance to the proliferation or migration process of the cells. This hypothesis might be difficult to test experimentally, but if a humane and reproducible way to exert friction on MK6a/b Ϫ/Ϫ and wild-type wounds with scabs could be devised, such an experiment might answer the question of why K6 is induced in response to wounding.
Materials and methods
Construction of the MK6a/b targeting vector
The 5Ј arm of the MK6a/b targeting vector was identical to the 5Ј arm of the vector used to generate MK6a Ϫ/Ϫ mice, and its cloning and ligation to the selection cassette containing the hypoxanthine phosphoribosyl transferase minigene and a neomycin cassette (hprt⌬3Ј-neo) has been previously described (Wojcik et al., 2000) . The hprt⌬3Ј-neo cassette was provided by Allan Bradley (Baylor College of Medicine, Houston, TX). For a more detailed description of the underlying targeting strategy, see Ramirez-Solis et al. (1995 , 1992, 1993) . To screen the 5Ј end of the targeted locus, DNA for Southern analysis was digested with EcoRV and probed with a 0.9-kb BglII-SalI fragment that lies just outside the 5Ј arm of the targeting vector (Fig. 1 a) . To confirm the 3Ј end of the MK6a/b targeted locus, ES cell DNA was digested with SphI, and the Southern blots were probed with an external 0.7-kb KpnI-PstI fragment.
Genotyping of mice
DNA for genotyping was prepared from tail biopsies. Litters from MK6a/b ϩ/Ϫ intercrosses were screened using primers 5Ј-AGATCCACTAGTTCTAGC-CTCG-3Ј, 5Ј-AGAGATGGCATCATGTGAGC-3Ј, and 5Ј-GGAAGAGCTA-CAGGCACTGA-3Ј.
Animal protocols
Mice were kept under standard housing conditions at the animal facility at Baylor College of Medicine. Wound healing protocols were approved by the Center for Comparative Medicine. Mice were anesthetized using 0.0175 ml of 2.5% avertin per gram mouse. For the duration of each wound healing experiment, acetaminophen (Children's Tylenol) was added to the drinking water at 1 mg/ml, and sulfamethoxazole/trimethoprim oral suspension (Apothecon) was added at 1 ml/150 ml. Full thickness wounds were generated in the center of the lower back after shaving and wiping with betadine solution. A circle of 5 mm diameter was marked on the skin and excised using curved scissors. Reepithelialization of full thickness wounds was assessed according to the length of the epithelial tongues migrating from the edge of the wounds. In vivo BrdU labeling of tongues was carried out by intraperitoneal injection of 0.01 ml of 10 mg/ml BrdUtriphosphate (Sigma-Aldrich) per gram mouse. Mice were killed 1.5 h after the BrdU injection. The tongues were imbedded in OCT, and immunostaining was done as described below.
RNA isolation and RNase protection analysis
Total RNA was isolated from whole anagen back skin with RNAzol B (TelTest). The RNA probe for MK6 was designed to protect 382 bases in MK6a and 268 bases in MK6b but does not detect MK6hf. The generation of the probe has been previously described (Wojcik et al., 2000) . RNA probes for MK6a/b and cyclophilin (Ambion) were generated using ␣[ 32 P]CTP and the Riboprobe Gemini II kit (Promega). Probes were purified on 5% acryl-amide gels before the hybridization. The RNase protection assay was performed with the RPA II kit (Ambion) with overnight hybridization at 42ЊC.
Western blot analysis
Tissue samples were ground in liquid N 2 and then solubilized in loading buffer, electrophoresed, and blotted onto nitrocellulose as previously described (Bickenbach et al., 1996) . Blots were blocked with 5% nonfat milk-TBS and then probed with rabbit anti-K6, sheep anti-K14 (Roop et al., 1984) , guinea pig anti-K6 , and rabbit anti-K16 (Porter et al., 1998) , followed by alkaline phosphatase-conjugated antirabbit IgG (Boehringer), anti-guinea pig IgG (Zymed Laboratories), and anti-sheep IgG (Zymed Laboratories), respectively. Bands were visualized using nitroblue tetrazolium/5-bromo-4-chloro-3-indolylphosphate solution (Boehringer) according to the manufacturer's instructions. The blots were photographed and scanned, and the intensity was measured using QuantiScan v1.5 (Biosoft).
Processing of tissue samples
For histological analysis, pieces of tissue were fixed overnight in Carnoys' solution (ethanol/chloroform/glacial acetic acid, 6:3:1), processed for paraffin embedding, and sectioned at 5-6 m. The sections were deparaffinized and stained with hematoxylin and eosin. Immunofluorescence analysis was done on unfixed frozen sections. Samples for frozen sections were imbedded in Tissue Tek ® OCT compound (Sakura Finetek). The frozen blocks were sectioned at 5-6 m. Frozen sections were washed twice for 10 min in PBS before incubation with the appropriate antibodies. BrdU-labeled samples were incubated first for 10 min in PBS and then for 12.5 min in 25% HCl and finally rinsed three times for 10 min in PBS before incubation with the antibodies.
Double-label immunofluorescence
Two-color immunofluorescence was performed by sequential incubation with primary antibodies and FITC-or Texas red-conjugated secondary antibodies. Primary antibodies used were rabbit anti-MK6, rabbit anti-MK14, guinea pig anti-MK14 (Roop et al., 1984) , and rabbit anti-MK16 (Porter et al., 1998) . Furthermore, a guinea pig anti-HK6 antibody , which in mouse recognizes MK6b (Rothnagel et al., 1994 and MK6hf, and a mouse monoclonal anti-K18 antibody (Sigma-Aldrich) were used. Incubation with primary antibodies was done overnight at 4ЊC. Secondary antibody conjugates used were FITC-conjugated anti-rabbit (Dako), Texas red-conjugated anti-guinea pig (Vector Laboratories), FITCconjugated anti-guinea pig (Zymed Laboratories) as well as biotinylated anti-mouse (Vector Laboratories) followed by Texas red-conjugated streptavidin (GIBCO BRL). Incubation with secondary antibodies was done at room temperature for 30 min. For BrdU-labeled samples, the primary keratin antibody was diluted into the FITC-conjugated anti-BrdU (Becton Dickinson) followed by a second incubation with Texas red-conjugated anti-guinea pig (Vector Laboratories).
Electron microscopy
For electron microscopy, tissue samples were fixed with 2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.3), embedded in epon, sectioned, and then stained with lead citrate and aqueous uranyl acetate. The samples were viewed at 75 kV using a Hitachi H7000 transmission electron microscope.
Cloning of MK6hf
RNA was isolated from MK6a/b Ϫ/Ϫ anagen back skin as described above. The 3Ј RACE was performed using the SMART™ RACE cDNA amplification kit (CLONTECH Laboratories, Inc.) with PowerSript™ reverse transcriptase (CLONTECH Laboratories, Inc.) under the conditions suggested by the manufacturer. The primer used with the kit was 5Ј-CCACCTACAG-GAAGCTGCTGGA-3Ј, which anneals to a region corresponding to the TYRLEGEE sequence at the COOH terminus of the rod domain of all keratins, and in combination with the kit's primer to the polyA tail, the 3Ј ends of multiple keratin cDNAs present in the MK6a/b Ϫ/Ϫ skin sample were amplified. Since amplification of MK6a and MK6b would produce fragments of ‫068ف‬ bp, two fragments of ‫057ف‬ and ‫009ف‬ bp were subcloned into pGEM-T (Promega) and sequenced. BLAST searches using the WWW Blast interface, revealed that the larger fragment showed high homology to HK6hf (Winter et al., 1998) . This fragment was then used as a probe to screen an 11-wk old mouse skin C57BL/6 Uni-ZAP ® XR Library (Stratagene) according to the manufacturer's instructions. 10 clones were selected, and the inserts in the pBluescript SK phagemid were excised from the Uni-ZAP XR Vector according to the manufacturer's protocol. The four longest clones were sequenced and were found to be identical, one clone containing the apparently full-length MK6hf cDNA. The MK6hf cDNA sequence was assembled from the overlapping sequencing results of all four clones. DNA sequence analysis and conceptual translation was done using GCG (Wisconsin Package v10.0, Genetics Computer Group). Alignments of protein sequences were done with the ClustalW v1.8 WWW interface, and the shading was done using the WWW boxshade server. For transfection of MK6hf, the full-length MK6hf clone was excised from the pBluescript vector with EcoRI and XhoI and directly cloned into the pcDNA3.1(ϩ) expression vector (Invitrogen).
Cell culture and transfection of MK6hf
PtK2 cells, a rat kangaroo kidney epithelial cell line, were cultured in EMEM (GIBCO BRL) with 10% fetal bovine serum and 1.26 mM Ca 2ϩ . Cells were plated at a density of 0.5 ϫ 10 5 cells per cm 2 on 50 mm 2 glass cover slips in six-well dishes. The full-length MK6hf clone, subcloned into the pcDNA3.1(ϩ) expression vector (Invitrogen), was used for transfections. The cells were transfected 24 h after plating (at ‫%06ف‬ confluency) using the TransIT-LT1 reagent (Panvera) in the complete growth medium according to the manufacturer's instructions. The cells were allowed to grow for 40 h after transfection and then fixed for 5 min in cold methanol/acetone (1:1), followed by 5 min in 70% ethanol, and stained using the antibody that recognizes MK6b and MK6hf and a mouse monoclonal anti-K18 antibody (Sigma-Aldrich). Untransfected cells were used as a negative control.
